Colloidal gold particles have multiple uses as three-dimensional atomic force microscopy imaging standards because they are incompressible, monodisperse, and spherical. The spherical nature of the particles can be exploited to characterize scanning tip geometry. As uniform spheres, colloidal gold particles may be used to calibrate the vertical dimensions of atomic force microscopy at the nanometer level. The monodisperse and incompressible nature of the gold can be used to characterize the vertical dimensions of coadsorbed biomolecules. Simultaneous measurements of gold with tobacco mosaic virus show that, at the same applied vertical force, the tobacco mosaic virus is undamaged by blunt tips but is compressed or disintegrated under sharper scanning styli, suggesting that specimen degradation is partly a pressure-dependent effect.
INTRODUCTION
The atomic force microscope (AFM) is essentially a high resolution profilometer, capable of resolving atomic dimensions (Binnig et al., 1986) . The basic operational principle involves the response of an extremely sharp probe to highly localized forces between the probe and sample. The probe is usually attached to a flexible cantilever that is deflected as it responds to the forces between the specimen and the probe. These deflections can be monitored optically and/or electronically, and the output is digitized and recorded on a computer.
Compared to electron microscopy, the two most significant advantages of this technique are the ability of the AFM to obtain real-time three-dimensional images (Binnig et al., 1986) and to image under fluids (Drake et al., 1989 , Hansma et al., 1992a Henderson et al., 1992) . Reliable length measurements of double-stranded DNA have been reported by several authors (Bustamante et al., 1992; Hansma et al., 1992b; Lyubchenko et al., 1992; Vesenka et al., 1992a) . However, the complex nature of the forces between the tip and sample makes it difficult to obtain reliable height information of the imaged specimen, especially at the nanometer scale (Li and Lindsay, 1991; Maivald et al., 1991) . It is suspected that biomolecules may be compressed by the scanning stylus, distorting the specimen dimensions (Engel, 1991; Bustamante et al., 1992; Radmacher et al., 1992) or be partially buried in the dried buffer layer (Lyubchenko et al., 1993; al., submitted for publication). For example, images of DNA in air have been reported by some authors to have heights of less than 1 nm (Bustamante et al., 1992; Vesenka et al., 1992a; Lyubchenko et al., 1993; Shaiu et al., 1993b) , less than 50% of the expected value.
One solution to the problem of obtaining reliable height information from the atomic force microscope is to use colloidal gold particles. These can be fabricated by a number of different methods (Frens, 1973; Muhlpfordt, 1982; Baschong et al., 1985; Slot and Geuze, 1985) . In these processes, stable gold spheres are generated between 10 and 20 nm in diameter, and monodispersity can be achieved through separation of particle sizes by centrifugation (DeMey, 1984) . Some authors have employed immuno-labeled gold as markers in AFM imaging (Shaiu et al., 1993a; Putman et al., 1992 Putman et al., , 1993 . The spherical nature of the gold particles can be exploited to characterize the scanning probe geometry, i.e., tip shape (Putman et al., 1993; al., submitted for publication) and sharpness. Their monodispersity may be used to calibrate the vertical scale of piezoelectric response. Colloidal gold particles have a decisive advantage in tip characterization when compared with highly uniform biomolecules (Thundat et al., 1992a) . The particles, as shown in this study, are incompressible, whereas the biomolecules are not.
Because AFM is a near field contact microscopy, perhaps the most significant application of colloidal gold particles is to address the problem of specimen compressibility and damage by the scanning tip. The primary interest of this paper is to show that gold particles, when coadsorbed with biomolecules, can be used to assess tip-induced deformations in the biomolecular structure that otherwise might be attributed to other instrumentation or specimen preparation procedures. To do this we first estimate the tip shape from the independently characterized spherical nature of the gold particles. Then we show the gold particles are incompressible and can be employed to obtain reliable height information. With this information we can quantitatively assess the compressibility of tobacco mosaic virus coadsorbed with 10-nm colloidal gold particles.
MATERIALS AND METHODS AFM specimen preparation
Twenty ,ul of spermine (Sigma Chemical Co., St. Louis, MO) was adsorbed onto freshly cleaved mica for 10 s and immediately rinsed with 1 ml of distilled/deionized water (ddH20) followed by thorough drying in nitrogen and storage in a dessicator. It is likely that the polyamine imparts a net positive charge that facilitates gold and biomolecule attachment. Fresh, monodisperse colloidal gold particles (5, 10, 16, 20, and 24 nm) were prepared from standard reduction processes (DeMey, 1984) without stabilizers (Ted Pella, Redding, CA, 0.01% gold by weight). The gold was diluted 1:10 in ddH20, adsorbed onto the treated mica for 5 min, rinsed with 1 ml of ddH20, and thoroughly dried in nitrogen. Tobacco mosaic virus (TMV; gift from Allen Miller, Iowa State University), a helical RNA virus 18 nm in diameter and 300 nm long (Mathews, 1981) , was mixed with colloidal gold in a buffer of 100 mM K2PO4 and 10 mM MgCl2 and was adsorbed to treated mica in the same manner that the gold was attached.
The specimens were imaged in air with Nanoscope II and Nanoscope III atomic force microscopes (Digital Instruments, Santa Barbara, CA) in the repulsive contact imaging mode at forces of less than 20 nN. The lateral dimensions of the piezo were calibrated with a 2160-lines/mm square grating (Ted Pella, Redding, CA) and the vertical dimensions were calibrated with colloidal gold particles (see Results and Discussion). The flattened raw data was gathered and presented in 512 X 512 pixel format over representative 2x2-11m2 areas (about 4 X 4 nm2/pixel). The mean vertical surface roughness of the spermine-treated mica is less than 1 nm over 0.5-X 0.5-1im2 sample areas. This treatment contributes an error in the height measurements of the gold and TMV of less than 10%. Both the colloidal gold particles and TMV specimens were imaged under reduced humidity (8%) for stable imaging (Vesenka et al., 1992a; Thundat et al., 1992b) . Samples were imaged with silicon nitride or silicon tips (Digital Instruments, Santa Barbara, CA, and Park Scientific, Mountainview, CA) with several spring constants (0.03-0.6 nN/nm) and radii ofcurvature (6-130 nm). The direction of scan with respect to the cantilever (scan orientation) was adjusted until the forward and reverse traces superimposed (Lyubchenko et al., 1993; Shaiu et al., 1993a Shaiu et al., , 1993b , an optimal imaging condition that negates the apparent height contribution due to frictional effects between the tip and sample (Radmacher et al., 1992 , Zenhausern, 1992a .
TEM specimen preparation
Transmission electron microscopy of the gold and TMV were performed with a JEOL JEM 100 CX II TEM at 80 kV and 50,000 X magnification calibrated with a 2160 lines/mm grating. Carbon-coated formvar (Polysciences, Warrington, PA) was glow-discharged, and samples of gold and TMV were negatively stained with 2% uranyl acetate. Analysis of height and widths (base to base) from the AFM images was carried out on the Nanoscope software. Width measurements of the TEM images were accomplished with a profile projector. Transmission electron microscopy of the AFM tip profiles was accomplished with a JEOL JEM 1200 CX at 80 kV and magnifications at 10,000 and 200,000 X. All data was statistically analyzed and plotted using Kaleidagraph software (Synergy Software, Reading, PA). Fig. 1 is an AFM image of 10and 24-nm colloidal gold particles and a transmission electron micrograph (TEM) of the tip that imaged these particles. Fig. 2 a is a plot of heights (H) and widths (W) from the data taken in Fig. 1 Fig. 2 is to provide a quick method for estimating the tip curvature. This model is based on empirical evidence that suggests the AFM images are composed of the desired specimen and substrate binding material (spermine).
RESULTS AND DISCUSSION
For all the tips imaged with a TEM in this study, the end radii were reliably approximated by hemispheres, as with the tip in Fig. 1 b having an Rc = 17 ± 2 nm. Fig. 2 b is a two-dimensional model of a hemispherical tip in contact with the specimen hemisphere of radius H (details discussed below). The two hemispheres have colinear radii that form an angle with the normal to the specimen surface. The relationship between W, Rc, H, and is given by Fig. 1 b. (b) A model describing the image width as the result of two interacting incompressible hemispheres. (c) Plots of the diameters of AFM estimates versus TEM measurements of the tip radii. The diagonal in the graph is the ideal condition of both measurements in agreement. The open circles represent estimates from Eq. 2. Eq. 2 yields poor approximations for tip radii having similar dimensions to the colloidal gold particles. The closed circles represent the estimate from Eq. 1 for smaller radii tips. on Eq. 2 and Rc independently characterized by TEM. The discrepancy between the angles generated from Eqs. 1 and 2 can be attributed to the significant amount of scatter in the width measurements (Fig. 2 a) . This problem is associated with polydispersity of the gold colloid and sometimes leads to unphysical intercepts, i.e., sin 4) > 1. Fortunately, for sharper tips (smaller W), the intercepts were very stable, reflecting the highly accurate height measurements. Eq. 2 and the intercept from Eq. 1 can be iteratively solved to approximate Rc for different H. For example, from the data in Fig. 1 The data scatter leads to degradation of the slope and intercept for blunt tips (large W), leading to nonphysical values of the angle and Rc. Under these conditions we ignore the contribution of the width due to 2H sin 4. Instead we use Rc sin /2HRc and Eq. 1 to obtain the squared ap-proximation for W (Vesenka et al., 1992a; Zenhausern et al., 1992b) : W2 8RCH.
(3)
A plot of colloidal gold W2 versus H yields a slope of 8RC. Fig. 2 c includes estimates of the radius of curvature based on Eq. 1 (when possible) and Eq. 3 for six data sets. The parabolic approximation, although accurate for electron beam deposited tips for imaging steep walled geometries (Keller, 1992) , was unnecessary in our case since the RC was much greater than the height of the imaged specimen. The major difficulty in characterizing a given tip geometry comes from the time-consuming labor involved in taking geometric measurements of the gold particles from AFM images. Presumably, this difficulty can be alleviated in future analysis with appropriate software automation. By assuming a hemisphere for the sample rather than a sphere, as would be expected intuitively, we are attempting to account for potential sources of ellipticity in the sample. This ellipticity may be due to either asymmetry of the colloidal gold particles or buildup of substrate binding matter around the gold. The former should be a random event, since the gold will spread out on the AFM surface in arbitrary orientations. The latter effect might be caused by migration of the highly positively charged spermine groups to the highly negatively charged, unstabilized colloidal gold particles. Fig. 2 b addresses this problem by assuming the colloidal gold particle is a sphere (dotted circle) encased in the substrate binding matter (lighter hemisphere). The assumption of a hemisphere for an imaging target is driven by AFM image evidence that suggests the spheres have some buildup of substrate binding matter, as can be seen when colloidal particles are pushed off their pedestals at high forces (data not shown). The hemispherical assumption is further supported by empirical evidence of intercepts that are between 1 and 2 from Wversus H plots. This would yield nonphysical results if the same trigonometric analysis were applied to the spherical specimen in Fig. 2 b. We emphasize that the model proposed in Fig. 2 b is designed to obtain a rough approximation of tip shape from easily measured height and width parameters. It is not meant to supplant the known ability of the AFM to obtain atomic resolution, a likely consequence of apical atomic asperities (Zasadzinski et al., 1991; Vesenka et al., 1992b) . A basic assumption in the model proposed in Fig. 2 b is that the particles are not compressed by an AFM probe. This assumption plays a key role in the development of deconvolution algorithms and the application of the colloidal particles as a reliable height standard with coadsorbed biomolecules. Once the tip shape is known, a coadsorbed biological specimen might be deconvolved along the contour of the specimen that is contacted by the tip. Surface topography not contacted by the tip due to exclusion by tip-sample interaction would still remain indeterminate (Keller, 1992) . height is subject to increase or decrease due to frictional effects, but at 90 and 2700 this effect is minimized and the traces frequently are superimposable. of 0.6 N/m, one of the stiffest commercially available. Although there is tremendous variation in the experimental spring constants , by using a stiff cantilever we are assured of exerting a repulsive "Hookean" force (Lyubchenko et al., 1993) larger than typically used for imaging biomolecules (Bustamante et al., 1992; Hansma et al., 1992a) . Within experimental error there was no noticeable decrease in height of the colloidal gold, indicating that the particles are incompressible. Fig. 3 b shows the apparent height of 10-and 20-nm gold particles at several z-piezo sensitivities for the purpose of checking the vertical calibration. The slopes of the two curves are 2.0 V/nm (20-nm size) and 1.1 V/nm (10-nm size), giving a slope ratio of 1.8:1, which is in excellent agreement with the 2:1 ratio of size between the larger and smaller particles independently characterized by electron microscopy (data not shown).
Height measurements of all images were taken from scans that had the least amount of height distortion between the trace and retrace when the laser beam centered over the tip end (Lyubchenko et al., 1993; Shaiu et al., 1993a Shaiu et al., , 1993b . Under these conditions the scan angle was usually around 900, when the direction of the scan is parallel to the edge of the glass substrate to which the cantilever is attached. Height distortion has been attributed to frictional effects (Radmacher et al., 1992; Zenhausern et al., 1992a) . In Fig. 3 c we show trace and retrace images of an 8-nm colloidal gold particle being imaged perpendicular to the substrate's short end (0°) and parallel to the substrate's short end (900) by a cantilever with a quoted spring constant of 0.06 N/meter. Notice at the 00 scan angle that the left to right trace has a shorter height than the right to left trace by about 1.4 ± 0.4 nm, as measured from the baseline. The height difference is likely due to frictional effects when the tip contacts the gold particles at scanning directions normal to the cantilever substrate (Radmacher et al., 1992) , as schematically outlined in the deviation from the true height (dotted line) in the cartoon cantilevers. When the scan direction is approximately 90 or 2700, the torsion on the tip contributes negligibly to the height difference. When cantilevers with stiffer spring constants were used, the height anomalies were reduced dramatically, confirming theoretical predictions proposed by other authors (R. J. Warmack, X-Y. Zheng, T. Thundat, and D. P. Allison, submitted for publication).
Because the gold particles are incompressible and reflect dimensions that can be independently characterized through electron microscopy, they make useful incompressible standards to assess tip-sample interactions with coadsorbed biomolecules. 10-nm colloidal gold particles were dried onto spermine-treated mica with TMV. Fig. 4 shows a comparison among a TEM and three AFM images of 10-nm gold particles coadsorbed with TMV. The inset in each image is a statistical plot of either widths (TEM in Fig. 4 a) or heights (AFM in Fig. 4, b-d ) of the gold particles and TMV. The electron micrograph in 4 a yields similar distributions of gold particles and TMV as the AFM image in 4 b, which was taken with a 60 nm Rc tip at 16 nN. The TMV distributions are narrower than the gold for both techniques, which is expected since the viral molecules are much more uniform than the man-made colloidal gold particles. Fig. 4 (mean and standard deviation = 9.9 ± 0.9 nm), but the average height of the TMV has decreased somewhat and the width of the distribution has increased significantly (17.3 + 2.4 nm). When the normal loading force was reduced to the minimal breakaway force, the average height returned to the expected 18 nm (data not shown). Fig. 4 d is an example of imaging gold and TMV with a sharper tip (Rc 6 nm estimated by Eq. 1) at a force of 19 nN. Again, the colloidal gold particles have consistent height and distribution width (10.0 ± 1.3), but the TMV has been irreversibly damaged by the sharper tip (14.2 ± 3.8 nm). We estimate the pressure at which the onset of compression occurs to be about 1 MPa (cf. Fig. 4 caption for details) . These data suggest that compression by the tip occurs as the tip radius decreases until irreversible damage is inflicted upon the specimen. In our studies there was no distinction between total force, both Hookean and capillary, or capillary force alone on biomolecule sample widths, as has been observed elsewhere (Yang and Shao, 1993) . Several different phenomena associated with the tips and cantilevers might explain this result, including 1) tip chemistry, 2) tip roughness, 3) shear due to cantilever stiffness, and 4) increased pressure on the specimen due to reduction of the tip area. It is possible that tip chemistry or tip roughness could generate conditions that might damage the biomolecules. In these studies the effect of tip chemistry is ruled out, because only silicon nitride tips were used; thus, the tip-sample interaction is the same for all images. Tip roughness could be addressed by taking high resolution transmission electron micrographs of the probe to examine the tip geometry. However, as can be seen in Fig.  1 b, such analysis has not been profitable, because charge build-up on the insulating silicon nitride cantilevers makes high resolution difficult. We are presently testing the importance of both tip chemistry and shape by repeating these experiments with carbonaceous electron beam deposited tips (Keller and Chih-Chung, 1992) which are conducting and are more easily characterized by electron microscopy (Akama et al., 1990) .
The error signal, i.e., part of the cantilever deflection not compensated by the feedback loop (Putman et al., 1992) , may play an important role in sample damage as larger spring constants can contribute greater shear stress to the biomolecules. When blunt tips with stiff cantilevers were used to image the specimen at the same force and scan settings as in Fig. 4 (data not shown), no roughening of the TMV was detected. However, with the sharper tips used in Fig. 4, c and d, the normal pressure increased, with a concomitant increase in lateral pressure, causing the TMV to disintegrate. Since the range of forces in air is usually not less than 1 nN, obtaining higher resolution of biomolecules with sharper tips will require other mechanisms of force abatement, e.g., by working in fluids (Drake et al., 1989) or employing improved noncontact imaging methods (Giles et al., 1993) . SUMMARY We have provided evidence that monodisperse colloidal gold makes a useful atomic force microscopy imaging standard 40 nn r 7-I 0 for estimating the scanning tip geometry and for calibrating the vertical scale of the scanning piezoelectric transducer on the nanometer scale. Comparison of AFM images of colloidal gold particles coadsorbed with tobacco mosaic virus obtained with blunt and sharp tips suggests that sample damage may be a pressure-dependent effect. Thus, improved resolution in air may occur at the expense of potentially greater injury to the specimen. The incompressible nature of the colloidal gold particles should make them useful for determining the compression of coadsorbed biomolecules.
